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ABSTRACf 

BAND EVOLUTION AND SHELL STRUCIURE 
IN LARGE CLUS1ERS: 

AIJ-60-, Cu1-1113-, Ag1-58-, and Au1-223-

by 

Kelly J. Taylor 

Photoelectron spectroscopy of negatively, charged clusters of aluminum, copper, silver, and 

gold reveals electronic shell structure and electron energy band development. Photodetachment 

experiments on Au6- also suggests that an image-bound state of the anion exists at the detachment 

threshold. 

Alx, Cux, Agx, and Aux all show closed shells in their electron affinities for clusters with x < 

21. The electron affinities of Aux for 20 < x < 60 have three spherical shells at x = 20, 34, and 58, all 

of which are dramatically manifested in dips of 1.2, 0.65, and 0.75 cV when compared to their adjacent 

lower mass neighbors. The photoelectron spectra of Agx-, 30 < x < 58, have cleanly resolved peaks 

that are a result of level structure in the density-of-states and they are predicted by the Nilsson

Clemenger formalism of shell theory. Copper clusters in the same size range show similar behavior 

although not as pronounced. 

The onset of the 3d-band in copper is monotonically increasing with cluster size and at Cu410 

the band is only 0.6 c V from its bulk value. The monotonic increase is a result of the expanding 

sphere of charge that induces a dipole as the electron leaves the vicinity of the cluster. Sharp features 

in the 3d-band onset arc very similar to bulk photocmission spectra and suggest that these structures 

arc beginning to show crystalline character. 

The induced dipole also causes at least one weakly bound state to exist for Au6- at the 

detachment threshold. Photodctachmcnt spectroscopy shows a 30 cm-1 phase shift between the l

and 2-photon ejected electrons. The phase shift may be due to a sequence congestion of vibrational 

states between the ground and image-bound electronic states of Au6-. 
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CHAPTER I 
INTRODUCTION AND REVIEW 

A. Nearly-free electron metals 

1 

The nearly-free electron metals, are a fruitful ground for experimental study because their 

electronic properties arc the most easily calculated. For example, the band structure of the 

archetypical NFE metal, aluminum, is almost perfectly calculated by taking 4 points in k-spacc and 

smoothly connecting the points with parabolas.1,2 This calculation can be done by hand and requires 

solving only a 4x4 determinant, which can be done with only a calculator. Contrast this with the full, 

relativistic, band structure calculations of the transition metals, which require many hours of 

supercomputer time.3 

TABLE 1 Elemental properties of some nearly-free electron metals. 

clement 

AI 
Cu 
Ag 
Au 

4work
function 
(eV) 

4.28 
4.65 
4.26 
5.1 

1bulk 5Wigner- ground state 
nearest Seitz electronic 
neighbor radius configuration 
(A) (A) 

2.86 
2.89 
2.88 
2.55 

1.06 
1.12 
1.60 
1.11 

Figures 1-4 are the calculated band structures and density-of-states (DOS) of the four 

clements studied in this work, aluminum, copper, silver, and gold.3 Some elemental properties arc 

given in Table 1. 

1 Solid state physics, N. W. Ashcroft and N.D. Mermin (Philadelphia: Saunders College, 1976). 
2 H. J. Levinson, F. Greuter, and E. W. Plummer, Phys. Rev. B 27, 727 (1983). 
3 Handbook of the band stmcture of elemental solids, D. A Papaconstantopoulos (New York: Plenum, 1986). 
4 Handbook of chemistry and physics, mth Edition (CRC: Boca Raton, 1986) p. E-89. 
5 Compilation ofrs values, D. Isaacson, Internal Report of Radiation and Solid State Laboratory (New York: New 
York University, 1975). 
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Figure 1. Band structure and density-of-states for aluminum.3 
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Figure 2. Band structure and density-of-states for copper.3 



Figure 3. Band structure and density-of-states for silver.3 
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The laser vaporization cluster source developed over the years in this laboratory is also 

especially suited for studying the nearly-free electron metals with their high melting points. Four of 

the NFE metals, aluminum, copper, silver, and gold will be looked at in this work. 

B. Previous work 

Pettiette defended her thesis Studies of copper, silver, and gold cluster anions: evidence of 

electronic shell structure where she successfully showed that the electron affinities of the noble metals, 

copper, silver, and gold, were predicted nicely by electronic shell theory in the range of 1 < x < 21 for 

silver and gold, and a range of 1 < x < 42 for copper.6 She did not have available the neon nozzle 

(see Chapter II) or photons of energy higher than 6.42 eV, thus she was limited to studying small 

clusters below 4000 amus. Now, clusters which are an order of magnitude larger can be made in the 

neon nozzle and their photoelectron spectra recorded with a light source of7.9 eV. 

6 C. L. Pettiette, Ph.D. Thesis, Department of Chemistry, Rice University, May 1988. 



A. Physical layout 

CHAPTER II 
EXPERIMENTAL 

7 

The ultraviolet photoelectron spectroscopy (UPS) experiment takes 600 ft2 on the third floor 

of the Space Sciences building. Figure 5 shows a block schematic of the laboratory. The negatively, 

charged clusters arc made by laser vaporization of the target material while a flowing buffer gas is 

swept across the vaporization rcgion.7 In the next section a closer look at the nozzle geometries used 

in this study will be presented. The molecular beam is skimmed, mass-selected and differentially 

pumped, so that photodetachmcnt of electrons occur in a UHV environment from a single clustcr.8 

1 T. G. Dietz, M. A Duncan, D. E. Powers, and R. E. Smalley, J. Chern. Phys. 74,6511 (1981); L.-S. Zheng, P. J. 
Brucat, C. L. Pcttiettc, S. Yang, and R. E. Smalley, J. Chern. Phys. 83, 4273 (1985). 
8 0. Chcshnovsky, S. H. Yang, C. L. Pettiette, M. J. Craycraft, and R. E. Smalley, Rev. Sci. lnst. 58,2131 (1987). 
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B. Nozzle 

Smalley and associates have done much pioneering work in the development of valves and 

cluster sources over the years.9,20 In order to achieve the large clusters of copper, silver, and gold, 

reported in this work, a nozzle that would give controlled growth of oversized clusters had to be 

designed. In addition to making large clusters, another requirement of the nozzle should be that it 

makes clusters in the lowest possible rotational and vibrational energy states. 

The side-disk source that has been well documcnted10 had been in usc for a few years before 

this study began. Indeed all the previous UPS studies6,11,12,13 were done with that source. This 

source only worked with helium buffer gas and was driven by a double solenoid valve which had a gas 

throughput of 1.5 standard cm3/pulse (seep) and an open to close time of around 500 microseconds. 

In spite of much effort to redesign the electrical and mechanical pieces of the nozzle, the open/close 

time could never be reduced below 300 microseconds, most probably because of the inertia of the 

solenoid plunger. The gas load on the diffusion-pumped vacuum chamber also prevented the use of 

other species of gases which arc not pumped as efficiently as helium. 

A nozzle has now been designed which docs make large clusters and is no worse perhaps 

better than liu: side-disk source in its ability to vibrationally and rotationally cool the clusters. This 

nozzle can also use gases of any molecular weight as the buffer. 

1. Buffer Gas Requirements 

Numerous direct laser vaporization studies on various materials have been done. For 

covalent materials like silicon and carbon it is seen that the clustering process occurs efficiently even 

when no buffer gas is prcscnt.14,15 For metallic systems like copper, silver, and gold, mostly 

monomers are vaporized16 which makes the role of the buffer gas a clustering agent and not just a low 

9 T. G. Dietz, M. A Duncan, D. E. Powers, and R. E. Smalley, J. Chern. Phys. 74,6511 (1981); R. E. Smalley, 
"Laser and pulsed beams," in Laser as reactants and probes in chemistry, eds. W. M. Jackson and A B. Harvey 
~Howard University: Washington, D.C., 1985). 
0 D. E. Powers, S. G. Hansen, M. E. Geusic, A C. Puiu, J. B. Hopkins, T. G. Dietz, M. A Duncuan, P.R. R. 

Langridge-Smith, and R. E. Smalley, J. Phys. Chern. 86, 2556 (1982). 
11 S. H. Yang, Ph.D. Thesis, Department of Chemistry, Rice Universiy, 1988. 
12M. J. Craycraft, Ph.D. Thesis, Department of Chemistry, Rice University, 1989. 
13 "UPS of Metal and Semiconductor Clusters," 0. Cheshnovsky, C. L. Pettiette, and R. E. Smalley h1 Ion and 
cluster ion spectroscopy and stmcture, ed. J.P. Maier (Amsterdam: Elsevier, 1989). 
14 J. T. Brenna, W. R. Creasy, and W. Volksen, Chern. Phys. Lett. 163,499 (1989); W. R. Creasy and J. T. Brenna, 
J. Chern. Phys. 92,2269 (1990). 
15 W. D. Reents, and V.E. Bondybey, Chern. Phys. I..ett.125, 324 (1986). 
16M. Moini and J. R. Eyler, J. Chern. Phys. 88, 5512 (1988). 
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temperature reservoir. Simple cluster aggregation calculations indicate that the vaporized plasma 

itself can be sufficiently dense to cause cluster growth without any buffer gas.17,18 When a static 

buffer gas is added to these calculations, the clustering process easily becomes catastrophic because 

the hot plasma now has to push back the buffer gas, so that, within a few microseconds, clusters in the 

plasma itself have become quite large, that is, greater than 60,000 amu. This very fast onset of 

clustering demands a sensitive valve that can reproducibily deliver gas pulses of similar character. 

The buffer gas also needs to rise to a sufficiently high value in an adequate time to prevent 

the hot plasma from colliding with the walls of the nozzle and condensing there, thus suffering the 

fate that they die before they ever get into the molecular beam. 

2 Species Diffusion Lengths 

31.623 
Elnsteln-Smolukowskl A roxlmatlon 

........ 
E 
E 

'-"' 
:J: 
1-
(.!) 
z ...... 
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3.162 
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0.032 
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Figure 6. Diffusion length of Cso (7 A diameter) in buffer gas of helium. 

10000 

The typical dimensions of the nozzle are 5 mm to 10 mm which gives the plasma about 5 

microseconds before it collides with the walls. In Figure 6 the diffusion length of c60 in room 

17 W. R. Creasy,J. Chern. Phys., in press. 
18 Internal code 



11 

temperature helium is plotted as a function of pressure. This length is determined by using the 

Einstein-Smoluchowski equation for a randomly diffusing molecule.19 At 1 torr, the diffusion length 

is 1 mm which length is short enough to prevent collisions with the wall and ensure entrainment in 

the supersenic beam. This length is a constraint on the buffer gas: it has to rise from zero to a 

pressure of about 1 torr in a time period less than 5 microseconds. This condition was never fully met 

in the double solenoid. 

The generation of clusters ilien becomes a very sensitive function of the pressure and its 

gradient. Not enough pressure and the clusters will not escape the nozzle, yet too much pressure and 

the resulant clusters will be too large to detect and work with. The failure of the double solenoid 

valve was its inability to provide regions of different pressure gradients that could be used to satisfy all 

the conditions for making and extracting the clusters from the nozzle. A more suitable design built 

around a hair-pin valve solves these problems.20 

The hair-pin valve uses two flat pieces of conducting spring material like CuBe. In the 

bottom leg there is a small hole which is o-ring sealed by compression from the top leg. A large 

current of 1000-5000 amps is sent down one of the legs, which is in electrical contact at the "hair-pin" 

with the other leg. The magnetic force which is established between the two legs push the legs apart 

momentarily, which permits a gas pulse to escape through the hole in the bottom leg. The minimum 

width gas pulse obtainable with the currently available design in 40 microseconds at FWHM with a 

throughput of 0.02 seep. For the experiments reported here, two counter-opposing valves were used 

to increase the total gas throughput and the valves were run to saturation current limits which kept 

the hair -pins open for about 120 microseconds at a throughput of 0.12 seep. 

2. Tlze Neon Nozzle 

Figure 7 shows the cross section through the nozzle, dual valves, expansion cone, and disk. 

The expansion cone is removable so that various geometries can be tested conveniently. In this view, 

the disk moves out of the page and the vaporization light comes down the buffer gas expansion axis. 

At 90 degrees to this in Figure 8 is another cross section of the nozzle but without the valves present. 

Here the disk is shown in its alignment position so that the vaporization laser light can be brought 

through the nozzle and projected on to an alignment spot in the laboratory. 

19 Physical chemistry, 2nd ed, IraN. Levine (New York: New York, 1983) pp. 464-470. 
20M. G. Liverman, S.M. Beck, D. L. Monts, and R. E. Smalley, J. Chern. Phys. 70, 192 (1979). 
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Unlike the side-disk nozzle, the neon nozzle mounts in the vacuum chamber. Going inside 

the vacuum is beneficial in a couple of ways. First, the cone to skimmer distance is greatly reduced 

and easily adjusted. A reduction in this distance has led to more efficient extraction of cluster 

molecules. Secondly, the molecular beam has a clean, non-perturbed boundary as it leaves the nozzle. 

When a laser vaporization source is mounted externally to the vacuum, a vacuum seal is required for 

working on the source. This seal introduces a gap at some point in the path of the molecular beam. 

Although this gap can be engineered to be small and smooth, it is not possible to remove it, which will 

unavoidably introduce scattering of leading portions of the molecular beam back into the trailing 

portions of the same beam. The main disadvantage of being inside the vacuum is the inconvenience 

of troubleshooting the source. 
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NEON NOZZLE 

Figure 8. Detail of previous figure shown here with two removable cones. 
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Rcmoveablc cones allow flexibility to design nozzles with different pressure curves. Making 

metal clusters is very intuitive because metals arc mostly evaporated as atoms.16 An increase in the 

buffer gas pressure above the disk will increase the cluster size, and provided, the pressure rise is 

quick enough, prevent the loss of the clusters to the walls of the nozzles. Making semiconductor and 

carbon clusters is not so instinctive because clusters of tens (perhaps hundreds) of atoms can be 

formed in the hot plasma when no buffer gas is present. Nevertheless, the neon nozzle has been able 

to make Ct>o- with substantia[ amounts of neon gas present. 

The pressure above the vaporization point can be calculated and is a function of the gas 

species (He, Ne, etc.), the volume of the cup, and the size of the exit orifice. Differentiating the ideal 

gas law gives a first-order differential equation: 

6P(t)/6t = RT/V [6Nin/cS't - cS'N0 utfcS't] (1) 

where 

P is pressure, 

R is universal gas constant, 

T is the temperature, 

V is the volume over the disk, and 

Nin is the number of moles of gas entering the nozzle 

Nout is the number of moles of gas exiting the nozzle. 

Assume that the buffer gas has a sonic exit speed and that the entering gas comes from a 

reservoir of much higher pressure than the nozzle and will not feel a pressure effect on its throughput, 

then, 

RT ( cS'N0 utfcS't) = v 5AP 

RT(cS'Nin/cS't) = cS'(PV)/cS't 

where 

v 5 is the sonic speed of the buffer gas 

A is the cross section of the exit orifice. 

(2) 

(3) 
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The input gas is modeled to give the measured throughput of two RM Jordan valves (He:0.12 

seep, Ne •:0.06 seep) with a linear turn-on time of 10 microseconds, a constant input of 100 

microseconds, and a linear turn-off time of 10 microseconds. The exit speed of the buffer gas is 

assumed to be sonic (2*M mm usec-1 amu-112) where M is the relative mass of the buffer gas. 

Figure 10 looks at the effects of changing the exit orifice of the nozzle while the volume of 

the nozzle stays ftxed at 50 mm3. These curves are done for both helium and neon* (70:30 

neon:helium). Figure 9 shows the effects of changing volume while the exit orifice is kept constant at 

a diameter of 2 mm. The configuration used for generating the large clusters of Cu, Ag, and Au is 50 

mm3, 2 mm dia. exit orifice, and neon"'. 
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The increased staying time of neon • is very useful in making larger clusters. For example, in 

helium the largest gold cluster seen is Au21, while a simple switch to neon • makes clusters to over 

size 200. This due to a higher pressure in the cup and a longer pump-out time of the cup. 

To appreciate the impact of this new nozzle design, Figure 11 shows the before and after 

pressure plots for a helium buffer gas. The rise time of the pulse is double for the early microseconds 

for the new design, which is critical to prevent diffusional loss to the walls, but the maximum gas 

pressure is greatly reduced, which is also necessary to prevent continued clustering after the initial hot 

plasma condensation. The added control gained over the clustering process now allows routine usc of 

buffer gases of neon* and argon.21 

21 In parallel to this disk source development, a rod source of similar versatility has been designed. Indeed, the 
copper dala was originally taken with a rod source on loan from another Smalley experiment. 
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An additional benefit of this new nozzle design that is made clear in Figure 11 is the order of 

magnitude decrease in the gas volume put on the vacuum system. This reduction in the gas load has 

made it now possible to design much smaller cluster beam sources. 

Whether or not this neon nozzle is making vibrationally colder clusters than the side-disk 

nozzle cannot be readily known since no direct probe of a clusters temperature has yet been 

developed. From a photoelectron standpoint, the fine structure in the gold clusters recorded with the 

side-disk source are preserved.6 The ability to make metal clusters of any size is very beneficial and 

this success has been gained at apparently no cost to vibrational and rotational cooling of the clusters 

and because of the multigas options now available, potentially a great improvement. 

3. Thermalization and Negali•·e Ion Generation 

After exiting, the cluster beam/buffer gas mixture is usually allowed to drift for a length of 

time in a constant or slightly increasing cross sectional area tube which is part of the cone in Figure 8. 

This drift allows the cluster to thermalize with the buffer gas. Negative ion generation can be 

enhanced in this tube by bringing an ultraviolet laser to intersect the clusters when they are just 

leaving the exit orifice. The UV laser increases the inventory of electrons by stripping them from the 

walls of the cone. These electrons can then be captured by neutral clusters and the resultant anions 

can be collisionally cooled in the thermalization tube. 

At the end of the thermalizing tube the buffer gas/cluster ion mixture expands supersonically 

into the vacuum chamber. The beam passes two skimmers on its way to the time-of-flight mass 

spectrometer where different masses can be isolated for photodetachment experiments. 

This nozzle is sur<l)ly not the last word in cluster making. For example, the nozzle is still 

somewhat jittery like the side-disk nozzle, that is, from shot to shot with the vaporization laser, the 

cluster signal may disappear or be very weak as much as 50% of the time. It seems that the cluster 

making process is extremely sensitive to small scale deformations in the disk which problem this 

nozzle has not addressed. 

The valves are bakeable, although a Teflon coating on the wetted parts should really be 

removed for high purity work. Experiments with making the nozzle from Teflon worked well and 

much of the gold data in this work was recorded with the Teflon neon nozzle. The Teflon nozzle 

makes dirtier clusters which is not a problem for gold, but unacceptable for silver clusters. 
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While cluster generation is not perfectly understood, the steps taken recently have enhanced 

the general understanding of the processes involved and should be useful as the search for the elusive 

stable, cold, non-elemental-specific, cluster source continues. 

C. Extraction 

The success of making larger clusters with the neon nozzle brings another problem along 

with it, namely, the inability to extract the large clusters from the molecular beam/cluster plasma. 

The extraction optics were not originally designed to put high mass clusters into the time-of-flight 

mass spectrometer (TOFMS). The traditional method of extraction is done by bringing the 

supersonic molecular beam between two grids upon which is applied a voltage gradient.22 The 

TOFMS axis is at right angles to the molecular beam axis. This type of extraction docs not remove 

the forward velocity component, that is the initial component the ion had by being part of a 

supersonic expansion. As long as the forward kinetic energy is much less than the TOFMS energy 

than the ions can be steered into the photodetachment chamber with only a small voltage applied to a 

set of deflection plates mounted close to the extraction plates. However, as the mass of the cluster 

grows the forward kinetic energy becomes larger too, since all the particles are presumably moving at 

the molecular beam velocity which is determined by the buffer gas. Large kinetic energies in the 

forward direction can no longer be compensated for by closely mounted deflection plates and the 

spectrometer is then limited to a mass range that is dependent on the voltage and specific geometrical 

arrangements of the extraction and deflection plates. For the TOFMS, this limit has been 10,000 amu 

for a 1000 volt extraction pulse. At 2000 volts masses up to 26,000 amu could be detected. 

The extension of a TOFMS to higher masses is done by tilting the extraction stack to a small 

angle relative to the axis.23 By tilting the stack, a component of the extraction field is used to correct 

for the cluster's incident forward kinetic energy. Indeed, the angle can be chosen so that for a given 

mass the forward velocity component is zero. With no forward velocity, clusters of a much larger size 

can be axially focussed into the photodetachment chamber without the use of any deflection plates 

(see Figure 12). This tilted plate TOFMS can extract clusters to over clusters to over 65,000 am us. 

22 W. C. Wiley and I. H. McLaren, Rev. Sci. Inst. 26, 1150 (1955). 
23 C. W. S. conover, Y. J. Twu, Y. a. Yang, and L. A Bloomfield, Rev. Sci. Instr., in press. 
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The tilted plate TOFMS (TPTOFMS) has a very soft mass selection which means that it is 

still a versatile, time-of-flight instrument. Typical angles needed in the TPTOFMS arc usually less 

than 10 degrees when helium is used as the buffer gas and less than 5 degrees when neon* is used. In 

practice a set of deflectors mounted close to the tilted plate extraction zone arc still used which 

increases the band width for a particular tilt angle. 
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1ltc photodctachmcnt chamber that terminates the TOFMS is shown in Figure 13. 1ltc main 

pieces of the detachment chamber arc the mass gate, the dcccl tube, the TOFMS microchanncl plates, 

and the pulsed solenoid. 
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Figure 14. Typical negative carbon mass spectrum shown before (baseline) and after (offset) mass 
selecting c15-. 

Figure 14 is an example of the mass selection capabilities that exist for the TOFMS. In 

practice it is very important to mass select clusters of less than 4000 amu so that as they enter the 

decel tube, which is located immediately after the massgate grids ((1) in Figure 13), they will not mix 

clusters of different sizes. 

The cluster ions are slowed to a minimum speed in the gap between the mass gate (1) and 

decel tube entrance (2). After the cluster packet is inside the 3" tube, the potential of the tube is 

brought to ground thus allowing the clusters to not be accelerated upon exiting. A major hurdle to 

improving the resolution of the photoelectron analyzer is slowing the cluster to a minimum velocity, 
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yet maintaining a cluster flux that gives a good signal to noise ratio (sec below). Tite Wiley-McLaren 

extraction method excellently focuses both temporally and spatially by imparting different energies to 

different clusters in one packet. Titis energy difference is usually about 15% of the extraction voltage 

or 150 volts for all of the data reported in this work. Therefore, it is at a dcccl voltage of 850 volts ( = 
1000- 150) that cluster ions can actually begin to move upstream and the packet begins to disperse 

rapidly. In practice, satisfactory photoelectron electron countrate can be obtained by using 85% of 

the Wiley-McLaren voltage on the decel tube. 

The solenoid (3) runs at a duty cycle of .18% to prevent it from overheating. The magnetic 

field at the region of photodetachment is about 500 gauss. A long, CW field of between 2 and 3 gauss 

is applied to the electron time-of-flight tube to guide the photodetached electrons to the electron 

detectors (7). These two fields combine to provide collection efficiencies approaching 95% for all 

photoemitted electrons. 

The entire detachment chamber and electron flight tube is electropolished to reduce stray 

electric fields from patch potentials and the laser light entrances are carefully baffled so that no first, 

second, or third order reflections have a path to the microchannel plates located 335 em away. The 

less than 1 count/minute of noise attests to the success of baffling the light pipe. 

Photodetached electrons arc collected in the magnetic time-of-flight (MTOF) spectrometer 

which has been appropriately reported on in previous works. 8,12 The resolution of a photoelectron 

spectrum from the MTOF is determined by six items: 

(1) the turn-around time caused by the magnetic mirror, 

(2) the Doppler shift caused by the parent ion velocity, 

(3) the different path lengths to the detection region caused by lack of perfect 

alignment with the beam axis, 

(4) the photodetachment laser bandwidth 

(5) the finite region of excitation, and 

(6) the finite excitation time of the laser pulse. 

The magnetic fields of the analyzer have been designed in such a way that photodetachment 

occurs in a region of large field gradient. A quite general proof from electricity and magnetism theory 

shows that charged particles in a non-uniform, spatial field, will always feel a force from the high to 

the low field region.24 The MTOF makes use of this effect to reflect those electrons which are 

24 Foundations of electromagnetic theory, 3ed., J. R. Reitz, F. J. Milford, and R. W. Christy (Reading, Mass: 
Addison-Wesley, 1980). 
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detached in a direction opposite to the detector region. The arrival time difference (sec (1) above), 

between two monoenergetic electrons which arc ejected towards and away from the detectors is about 

( 4) 

The total flight time is 2,000-6,000 nanoseconds which corresponds to an energy uncertainty of 12-100 

meV for the photoelectrons. 

An additional loss of resolution comes from the moving reference frame of the parent ion 

(2). Monoenergetic electrons which arc ejected parallel and anti-parallel to the parent ion's velocity 

will have an arrival time difference at the detector. This effect can be written 
1 

dEe = 4 [ (mcfmi) (EeEI) ] ~ (5) 

where IIle (Ee) is the mass (kinetic energy) of the electron and m1 (E1) is the mass (kinetic energy) of 

the ion. For photoelectrons with a typical energy of 4 cV detached from 1000 eV parent ions of 

masses 2,000-40,000 amu this corresponds to a spread in energy of 30-130 me V. 

Effect (3) arises from the electrons inability to traveling parallel to the low, guiding magnetic 

field. Some of the particle's kinetic energy is used in circular motion about the field line, that is, in 

the jargon of the literature, the particle cannot be paral/elized.2.'i This effect is calculated to give a 

broadening in energy which is equal to be: 

(6) 

where Br is the guiding field magnetic field strength and Bi is the initial field strength seem by the 

electron. In the current design of the spectrometer Br = 3 gauss and Bi = 500 gauss, so that for a 4 

e V photoelectron, the contribution to the energy spread from failing to parallelize is 24 me V. 

The laser bandwidth (4) for the excimer lines used are26 

25 P. Kruit and F. H. Read, J. Phys. E 16,313 (1983). 
26 Questek Inc., 44 Manning Road, Billerica, MA 01821. 
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TABLE 2 Bandwidths of selected excimer laser transitions. 

GAS ENERGY(eV) o(ENERGY} (eV) 

F2 7.9 NA 
ArF 6.42 0.025 
KrF 5.0 0.006 
XeCl 4.03 0.009 
XeF 3.5 0.025 

Energy limit (5) has been studied with computer simulations and the effect is in the 10-30 

rneV range.12 Factor (6) adds a time spread of 10 nanoseconds into the photoelectron spectrum 

which corresponds to a 13 me V energy spread for a 4 e V electron. 

All in all, the magnetic mirror turn-around time (1) and the parent ion velocity (2) are the 

largest contributions to the energy spread of the analyzer in most of the data reported in this thesis 

and for clusters above 10,000 amus only (1) is really important. 

The MTOF analyzer is calibrated for electron kinetic energy against the known 

photoelectron spectrum of atomic species like cu-, Ag·, and Au-.27,28 

27 Atomic energy levels, C. F. Moore, Series 35 (National Bureau of Standards: Washington D. C., 1955). 
28 H. Hotop, R. A Bennett, and W. C. Lineberger, J. Chern. Phys. 58, 2373 (1973); H. Hotop and W. C. 
Lineberger, J. Chern. Phys. 58,2379 (1973). 
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CHAPTER3 
DATA AND ERROR ANALYSIS 

A. Statistical Error 

Error bars on energy distribution curves (EDC) or photoelectron spectra arc not a 

traditional sight in the field. In this section an error analysis is carried out for the photoelectron 

spectrum of the Ag55- cluster and then statistical error tables will be presented for the rest. 
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Figure 15. Time of arrival spectrum for Ag55-as it appears in raw, unfiltered form. 

Figure 15 is the histogram of photoelectrons recorded in the MTOF for photodetachmcnt 

from Ag55-. The alternate data set, which is collected with the nozzle turned off, is also drawn in 

Figure 15. There are 2048 channels of signal evenly spaced from 0 to 20.47 microseconds for both the 

data and the alternate data sets. The large signal at 8 microseconds comes from the low kinetic 

energy electrons which arc being stripped from the surfaces and/or ionized from residual gas 
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molecules in the detachment chamber. Data @ 3 microseconds to alternate data @ 8 microsecond 

proportions arc typically 5:1 for the gold spectra, 2:1 for the copper , 1:1 for silver, and 1:3 for the 

aluminum spectra. In the range of 2- 4 microseconds (0 to 6 e V binding energy), which is where the 

interesting photoelectron signal occurs, the data to alternate data ratios arc 200:1 for gold, 40:1 for 

silver, 50:1 for copper and aluminum. 
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Figure 16. Energy distribution curve (EDC) of unfiltered Ag55-. 
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A complete 1:1 mapping from the data set histogram in time to an energy distribution curve 

is shown in Figure 16. The energy distribution curve can be properly integrated to give the total 

number of electrons although the ordinate is only plotted to 2000 electrons/eV. 
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If one is willing to give up energy resolution, the statistical error can be reduced significantly 

by averaging over many channels. Since the instrumental resolution is not better than 150 meV in the 

range 0-6 eV of binding energy, an averaging with a window of 50 meV is quite acceptable. This 

averaging for both the data and alternate data (dotted sets is shown in Figure 17. The subtracted 

EDC (data-alternate data) in Figure 18 is plotted along with the absolute statistical error. To be 

conservative, peaks in the energy distribution curve which are not larger in magnitude than the error 

curve should not be considered as reliable. The bars in Figure 18 satisfy this criterion. 

The huge d-band rising up at 7 eV has a low statistical error but a large instrumental error. 

From various studies in the MTOF, it appears that the parent ion packet, the microchannel plates at 

the end of the MTOF tube, inelastic scattering in the cluster, and patch potentials in the vacuum 

chamber make the photoelectron overcome a 100 meV well, and then, accelerate it to a minimum 

energy of 300 meV. For this reason, the statistical error bar for the 7 eV binding energy electrons is 
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deemed to be too low to accurately represent the total error. The sharp fall off in photoelectron 

signal at 7.5 eV is also due to the effects mentioned. 

Rather than report the EDCs with a constant counting error limit, which would require a 

variable energy window, a fiXed-energy, square, smoothing window is applied to the EDCs of a given 

clement. To help determine the relative significance of structural features in a particular EDC, 

Tables 3-5 with the appropriate absolute statistical error values for all of the new spectra being 

reported for the first time in this work. 

Ag55- as a test case is less than average for the spectra reported here. Aluminum spectra 

above 27 atoms as well as most of the gold and copper spectra, have much lower statistical errors 

while the aluminum data of cluster number under 27 atoms is at this same level. 
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B. Energy Distribution Curves 

1. Aluminum 

Aluminum ultraviolet photoelectron spectra or energy distribution curves (EDC) from AJ3-

to Al32- arc measured with a photon energy of 6.42 cV (sec Figures 20 and 21).29 The arrows are the 

estimated vertical electron affinities. A higher energy light source of 7.9 cV is used for the clusters 

larger than AI3z- (Figures 22 and 23). Most of the hair in these spectrum is simply statistical noise 

(sec Table 3). A smoothing window of 0.20 c V has been applied to all the 7.9 cV spectra and Table 3 

lists the known statistical error of these EDCs. 

2. Copper 

Copper photoelectron spectra taken with 6.42 cV are shown in Figures 24 and 25. All the 

EDCs in the larger clusters of Figures 27, 29, and 31 usc a 7.9 cV light source. A table of errors will 

be useful in deciding what features of the EDCs arc reliable enough to discuss (sec Table (?)). A 

smoothing window of0.15 cV has been applied to all the data of Figures 27-31. 

An interesting discovery from this study of large copper clusters is the inelastic scattering of 

low kinetic energy electrons from the larger clusters. 

29 K. J. Taylor, C. L. Pettie lie, M. J. Craycraft, 0. Cheshnovsky, and R. E. Smalley, Chern. Phys. Lett. 152, 347, 
(1988). 
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Figure 19. EDCs of Cu30- taken at 3 different photon energies. 

Figure 19 plots the photoelectron spectrum of Cu30- taken with three different laser 

energies, 4.66 cV, 6.42 cV, and 7.9 cV. What is observed as a rising signal at 4 eV binding energy in 

the 4.66 eV spectrum is actually a local minimum in the higher energy spectrum. The same is true for 

the rising signal at 6 cV in the 6.42 cV spectrum when compared to the minimum in the 7.9 cV 

spectrum. Ap~arcntly, electrons with low kinetic energy arc trapped in the neutral cluster and suffer 

inelastic collisions which degrade their well defined kinetic energy. A rule can now be generated 

when viewing large molecules: there arc no spectral features in photoelectrons with kinetic energy 

less than about 1 cv.30 

30 This rule places limitations on the working reslution of the analyzer that is actually more severe than the 
instrumental resolution. The instrumental resolution of the analyzer becomes better when looking at slow moving 
electrons, yet if the cluster is large (over 20 atoms) the slow electrons will not contain much information that will be 
useful in assigning the states or predicting the molecular orbital structure of the cluster. It is for this reason that 
photodetachment spectroscopy, where the energy of detachment laser is precisely controlled and tunable, is such an 
attractive alternative for high resolution work. 
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3. Silver 

Silver photoelectron spectra taken with 6.42 cV is shown in Figure 336 while the EDCs from 

the larger clusters usc a 7.9 cV light source (sec Figures 34 and 35). A smoothing window of0.20 cV 

has been applied to all the 7.9 cV spectra. 

4. Gold 

Gold photoelectron spectra taken with 7.9 eV from the side-disk source is shown in Figure 

37.6 The spectra from the larger clusters are all done at 7.9 eV in the new neon nozzle. Figures 38 

and 39 usc a smoothing window of0.05 eVand Figures 40 and 41 are smoothed with a window of0.20 

cV. The different sized smoothing windows explain the different fine structure appearances of the 

spectra. 
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Figure 22. EDCs for Al3f to Al4s· taken Figure 23. EDCs for AI49· to Alss· taken 
with photon energy of 7.9 eV. with photon energy of7.9 eV. · 
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Figure 24. EDCs from Cu6· to Cu2f taken 
with photon energy of 6.42 ev.6 
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Figure 25. EDCs from Cu23· to Cu39. taken 
with photon energy of 6.42 e v. 6 
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Figure 26. EDCs from Cu40·to Cu4( taken 
with photon energy of 6.42 e v.6 
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Figure 27. EDCs from Cu~ to Cu34- taken Figure 28. Close-up version ofO to 5.0 eV 
with photon energy of 7.9 e . Data smoothed range of EDCs from Cu 1- to Cu34- taken with 
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Figure 29. EDCs from Cu40- to Cus6- taken 
with photon energy of 7.9 ev. Data smoothed 
with 150 meV square window. 

41 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

6 4 2 0 

BINDING ENERGY (eV) 

Figure 30. Close-up version ofO to 5.0 eV 
range of EDCs from Cu40- to Cu56- taken with 
photon energy of 7.9 e V. 
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Figure 32. Close-up version ofO to 5.0 eV 
range of EDCs from Cu57- to Cu lll3- taken 
with photon energy of7.9 eV. 
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Figure 33. EDCs from Ag1- to Ag21- taken with photon energy of6.42 ev.6 
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Figure 34. EDCs from Ag20- to Ag3s· taken 
with photon energy of 7.9 e V. Data smoothed 
with 200 meV square window. 
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Figure 35. EDCs from Ag31; to Ag52- taken 
with photon energy of7.9 eV. Data smoothed 
with 200 meV square window. 
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with photon energy of 7.9 eV. Data smoothed 
with 200 meV square window. 
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Figure 37. EDCs from Au( to Auz( taken with photon energy of6.42 cv.6 
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Figure 38. EDCs from Aul!f to Au35- taken 
with photon energy of 7.9 eV. Data smoothed 
with 50 meV square window. Dots are 
estimate of vertical electron affinity. 
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Figure 39. EDCs from Au36- to Ausz· taken 
with photon energy of7.9 eV. Data smoothed 
with 50 meV square window. Dots are 
estimate of vertical electron affinity. 
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Figure 40. EDCs from Aus( to Au67• taken 
with photon energy of 7.9 eV. Data smoothed 
with 200 meV square window. 
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Figure 41. EDCs from Au68· to Auz23· 
taken with photon energy of 7.9 eV. Data 
smoothed with 200 meV square window. 
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C. Error Tables 

As explained in section A, the following tables arc absolute error limits on some of the 

energy distribution curves of section B. The errors arc given as 1 standard deviation, in percentage of 

the peak height at the binding energy values listed, normalized to the same peak in the binding energy 

spectrum. 

TABLE3. Absolute statistical error limits for EDCs of Aix- (see Figures 22 and 23). 

X error(5.8 c V)/ 
signal(5.8 e V) 

error(7.4c V) 
signal(5.8 eV) 

================================================= 
32 3.2% 5.7% 
33 2.5 4.8 
34 3.2 4.0 
35 3.8 6.7 
36 2.9 4.1 
37 2.9 5.8 
38 3.6 8.7 
39 3.8 9.8 
40 3.8 8.5 
41 3.9 8.2 
42 3.8 9.5 
43 3.8 8.5 
44 3.8 7.8 
45 3.6 6.1 
46 3.7 9.4 
47 4.0 10.1 
48 4.0 12.1 
49 4.0 9.4 
50 3.9 7.3 
51 3.9 8.2 
52 4.0 7.7 
53 2.5 4.8 
54 4.0 9.4 
55 4.0 8.6 
56 3.8 7.8 
57 3.8 8.5 
58 3.8 7.0 



TABLE 4. Absolute statistical error limits for EDCs of Agx· (sec Figures 34-35). 

X error( 4.0 c V)/ 
signal( 4.0 c V) 

crror(6.1 eV)/ 
signal(4.0 eV) 

================================================= 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 

2.6% 
6.4 
6.4 
4.6 
4.7 
4.7 
5.3 
4.7 
5.3 
4.7 
4.6 
4.3 
4.3 
4.6 
4.3 
4.6 
4.3 
4.7 
4.1 
5.8 
3.7 
4.6 
5.8 
5.3 
5.3 
4.3 
4.1 
3.6 
4.1 
3.8 
4.3 
4.1 
4.3 
3.7 
4.6 
4.0 
4.3 
3.7 
3.7 
4.3 
4.1 

4.1% 
10.5 
11.5 
7.6 
6.6 
6.6 
8.3 
7.9 
9.9 
7.1 
6.2 
4.7 
5.1 
6.2 
6.6 
6.2 
6.3 
6.6 
6.5 
9.3 
6.2 
7.1 
9.2 
8.9 
8.9 
5.9 
6.5 
5.6 
5.3 
4.6 
5.9 
6.2 
6.1 
5.1 
6.9 
5.3 
6.1 
4.9 
5.6 
6.1 
5.6 

50 



TABLES. Absolute statistical error limits for EDCs of Aux- (sec Figures 38-39). 

X error(5.8 eV)/ 
signal(5.8 eV) 

error(7.4 eV)/ 
signal(5.8 eV) 

================================================= 
19 3.9% 7.2% 
20 3.9 7.2 
21 4.6 13.0 
22 4.6 13.0 
23 4.9 14.8 
24 4.9 11.5 
25 5.2 12.6 
26 4.7 10.5 
27 4.7 10.5 
28 4.7 10.5 
29 4.7 10.5 
30 4.7 10.5 
31 6.0 19.4 
32 6.0 23.8 
33 5.2 13.6 
34 5.2 21.9 
35 5.2 12.6 
36 5.2 14.6 
37 5.2 13.6 
38 6.5 26.1 
39 6.0 23.8 
40 5.5 13.2 
41 5.8 14.4 
42 5.8 15.8 
43 5.8 17.0 
44 5.2 14.6 
45 4.7 12.2 
46 5.2 14.6 
47 5.2 14.6 
48 5.2 14.6 
49 4.9 13.3 
50 5.2 14.6 

51 



TABLE 5. (continued) 

X crror(5.8 cV)/ 
signal(5.8 cV) 

crror(7.4 cV)/ 
signal(5.8 cV) 

================================================= 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
76 
78 
79 
83 
90 
91 

102 
116 
119 
144 
147 
186 
223 

5.2 
5.2 
1.4 
1.3 
1.3 
1.3 
1.3 
1.2 
1.0 
0.9 
1.3 
1.6 
1.7 
1.5 
1.7 
1.6 
1.4 
1.6 
1.7 
1.5 
1.3 
1.3 
1.5 
1.3 
1.5 
1.3 
1.5 
1.5 
1.5 
1.2 
1.7 
1.2 
1.3 

14.6 
12.6 
3.7 
3.4 
6.1 
4.5 
4.0 
3.4 
1.9 
2.1 
4.1 
6.4 
6.9 
6.0 
7.9 
6.8 
5.3 
6.8 
7.9 
6.0 
4.1 
3.4 
4.2 
3.4 
4.2 
4.8 
4.2 

12.5 
7.9 
8.3 

12.6 
8.9 

10.7 

52 
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The change of atomic properties to those of the bulk present some of nature's intriguing 

questions. For example, all the open shell d-metals in atoms have the potential for being 

ferromagnets because of their net total spin, yet, only iron, cobalt, and nickel actually develop into 

ferromagnets. Another such question deals with the crystallographic phase transitions that occur as 

small clusters of closed-packed atoms31 actually transform to become the Bravais lattices needed to 

form macroscopic single crystals. 

The ideal experiment in all cases would be to measure a physical property as it evolves atom 

per atom. Of course, the numbers are so large that techniques do not yet exist which would allow 

such measurements to be made in a timely fashion. However, if properties evolve as logarithms or as 

inverses of cluster size, than it would be more feasible to make a sampling of the entire atom to bulk 

progression while recognizing that any atom to atom quantum effects will most likely occur at smaller 

cluster numbers than higher ones. The evolution question addressed in this work is that of the 

quantum atomic levels growing to the energy bands of the bulk samples. 

Work on supported clusters, while not unfettered from the influence of the substrate nor able 

to generate or specify cluster sizes to better than a factor of 10, has been quite enlightening on this 

subject of valence band development.32-36,50 

The low photon frequency of pulsed lasers restricts studies on clusters made in laser 

vaporization sources to looking for band development in either the sp-bands or shallow d-bands of 

the solid. Regarding the latter, the onset of the copper 3d-band is always below threshold because it 

is filled, and yet not so far below that it cannot be probed with a 7.9 eV laser (see Figure 2). For the 

former, aluminum is studied. 

31 R. Van Hardcvcld and F. Hartog, Surface Science 15, 189 (1%9). 
32 S.-T. Lee, G. Apai, M.G. Mason, R. Denbo, adn Z Hurych, Phys. Rev. D ZJ, 505 (1981). 
33 G. Apai, S.-T. Lee, and M.G. Mason, Solid State Communications 37, 213 (1981 ). 
34 R. C. Baetzold, Surface Science 106,243 (1981). 
35 SchmeiBcr, K. Jacobi, and D. M. Kolb,J. Chern. Phys. 75,5300 (1981). 
36 0. Cordes and M. Harsdorff, App. Surf. Sci. 33-4, 152 (1988). 
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A. Copper 

The first photoelectron data from negative copper clusters could not probe the 3d-band due 

to a lack of high frequency photons.37,38 Even subsequent data taken with a 6.42 cV 

photodctachmcnt source could not reveal more than just the rising edge of the d-band (sec Figures 24 

and 25). Nevertheless, electronic shell structure modeled the electron affinities well and even 

HOMO-LUMO gaps were reported on and predicted reasonably well by shell theory (sec Chapter V). 
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Figure 42 s- and d-band growth to the bulk (see text for explanation of 1/R). 

Since the MTOF spectrometer is capable of working with detachment laser energies well 

above the work function of the vacuum chamber walls, one of the first desirable experiments to do 

with the new 7.9 cV light source is the examination of the 3d electrons from copper. A sampling of 

37 C. L. Pcttiette, S. H. Yang, M. J. Craycraft, J. Concei~ao, R. T. Laaksonen, 0. Cheshnovsky, and R. E. Smalley, 
J. Chern. Phys. 88,5377 (1988). 
38 D. G. Leopold, J. H. Ho, and W. C. Lineberger, J. Chern. Phys. 86, 1715 (1987). 
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the photoelectron data taken with 7.9 cV photons is displayed in Figure 43. (The entire data set can 

be viewed in Figures 27, 29, and 31.) The largest spectra from Cu56:z, Cu712, and Cu1113 arc not 

included in the figure since the unccrtainity in their mass is +/- 10 atoms, while the uncertainty in the 

data in Figure 43 is exact up to Cu80 and +/- 2 atoms thereafter. 
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Figure 43. Photoelectron spectra of selected, negative, copper clusters taken at photon energy of 7.9 
e V. The dots are explained in the text. 



57 

1. Electron Affillities a11d d-band OIISels 

Dots in Figure 43 mark the electron affinity and the 3d-band onset for each cluster. The 

electron affinities arc determined by taking 25% of the first peak and adding 0.21 e V which puts the 

estimate of the electron affinity to the maximum of the Cu14 peak which is so cleanly separated from 

the rest of the photoelectron spectrum that it must be thought of as a single electron event. 

Marking of the d-band onset is done by placing a dot at the signal level which is Y2 of the d

band peak intensity. Both the electron affinity and d-band onset arc plotted versus R-1 in Figure 42. 

To calculate R, the estimated electron radius for a cluster, the method suggested by 

Lincberger38 is used which sets 

R = n1!3rb + a 0 (7) 

where n is the number of electrons making the spherical average, rb is ~ the average bulk 

interatomic spacing (1.41 A) which is calculated as the radius of the sphere that contains 1 copper 

atom and a 0 the quantum defect which is set to be equal to the Bohr radius. a 0 is added to estimate 

the repulsive effect of orbital overlap which would make the spherical radius larger than just n1!3rb. 

That this is necessary is seen by looking at the ratio of bond lengths 

rdimcr/rbulk = 2. 2197/2. 55 = . 86 ( 8) 

Since the dimer has a shorter bond length, the overlap of electron orbitals should be more 

important, and adding a 0 is one way of making an appropriate estimation. Other approximations to 

account for the collapsing bond length have been proposed but the Lineberger method is certainly 

simplest and adequately dcfcndcd.39 The estimate really only affects the small clusters of size less 

than 6, which is also a region where spherically averaging the electronic cloud is on shaking ground 

anyway. 

In the bulk, the work functions for the various crystallographic faces of copper arc cover the 

range from 4.53 to 4.94 eV.4 The range of these values are plotted as a filled rectangle in Figure 42. 

Another filled rectangle that corresponds to the d-band onset is placed 1.9 e V higher than the work 

function in the same figure. Extrapolations of the 4s and the 3d lines will certainly intersect the 

rectangles. 

Note that the size-dependent variations that are present in the small copper clusters arc not 

found in the 3d electron onsets. This result is as it should be--copper has a closed 3d shell in the atom 

and a very tight and narrow 3d-band in the solid. As a matter of fact, it is just this featureless growth 

39 M. M. Kappes, M. Schar, P. Radi, and E. Schumacher, J. Chern. Phys. 84, 1863 (1986). 
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that tags these photoelectron features as the 3d electrons. For comparison purposes, a bulk x-ray 

photoelectron spectra from copper is drawn with its calculated density of states in Figure 44.40 

40 S. HUfner, in Topics in applied physics: Plwtoemission in solids II, Vol27, eds. L. Ley and M. cardona, 196 
(Springer-Verlag: Berlin, 1979); 
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Figure 44. XPS of bulk copper, silver, and gold (left). The deconvoluted XPS (solid) and calculated 
DOS (dashed) are shown on the right.40 
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2. Scaling Parameter 

At Cu410 both the electron affinity and the d-band onset are 0.6 eV below their values in the 

bulk which means that the s-d energy separation is already at its bulk value. As will be shown, the 0.6 

eV difference can be completely explained by considering the force field that an outgoing electron 

feels as it tries to escape from its neutral parent. When the photodetached electron leaves a cluster it 

will induce a dipole field on the cluster that must be accounted for. This field is sometimes called the 

image field. A classical electrostatic calculation predicts:41,42 

Wr(R) = Wr(oo) - ( 5/8) e2/R (9) 

where Wr is the electron affinity, e is the charge (4.8 x 10-10 statcoul), and R is the radius of the 

neutral, metallic sphere (A). The coefficient -5/8 has been the center of controversy because quantum 

mechanical, density functional calculations predict that the coefficient should be -1{2 for large 

clusters. 43 A linear least square.s fit to the d-band data for only clusters larger than 12 gives -0.65 ( = -
5.2/8) for the coefficient and 6.82 eV for Wr(oo). The work function can then be determined by 

subtracting thes-d spacing (1.9 eV) which gives 6.82- 1.9 = 4.92 eV, which is correct. 

That this coefficient comes from the 3d core-like energy levels with barely any quantum size 

effects makes it perhaps the most reliable measurement done to date on this scaling parameter. This 

experimental confirmation of the classical electrostatic scaling parameter with a coefficient of -5/8 is 

the second recent such verification reported on large clusters44 and it appears that an adequate 

quantum mechanical model is still lacking on the subject. 

3. Bulk Properties 

Perhaps the most intriguing aspect of these copper photoelectron spectra is the changing 

shape of the 3d onset signal. The peak sharpens as the cluster size grows, which suggests that 

electronic states are becoming more degenerate at this energy. The cause of this increased degeneracy 

at the 3d onset may well be due to an onset of crystallinity in these large clusters. A peak in the 

deconvoluted EDC has been observed in bulk x-ray photoemission studies that look remarkably 

similar.40 The peak is quite pronounced like in Figure 43 and rises at exactly 2 eV below the Fermi 

energy (see Figure 44). 

41 J. M. Smith, AIAAJournal3, 648 (1965). 
42 D. M. Wood, Phys. Rev. Lett. 46,749 (1981). 
43 G. Makov, A Nitzan, and L. E. Drus, J. Chern. Phys. 88,5076 (1988). 
44 C. Dr~chignac, Ph. Cahuzac, F. Carlier, and J. Lcygnier, Phys. Rev. Lett. 63, 1368 ( 1989). 
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A bulk photoemission experiment with 7.9 eV photons, which would view the 3d electrons, is 

almost impossible due to the 4Vz eV work function, however, an experiment on ccsiated copper has 

been done.45 Cesiation is thought to lower the work function without substantially interfering with 

the EDC. The EDCs again show an increasingly strong peak at 2 eV bc!ow the signal onset as the 

photon energy is reduced from 11.4 to 6.5 eV (see Figure 45). 

The s-d spacing is correct for the bulk. The sharp rising edge of the 3d electrons is present. 

The 0.6 eV energy shift has an explanation from electrodynamics. Seemingly, there is nothing left but 

to conclude that the threshold bulk electronic properties which are 2-3 eV from the Fermi energy are 

very much in place at Cu410· Whether or not the "back" of the 3d-band (binding energy 8-10 eV) is as 

well formed at this cluster size will have to wait for a higher energy photodetachment laser. 

This agreement with the bulk photoemission spectrum implies that copper atoms of this size 

are crystalline and that electrons are forming the same metal bonds that are formed in the bulk. Both 

Extended X-ray Absorption Fine Structure (EXAFS)46 and electron microscopy47,48 on supported 

clusters offer corroborate evidence that copper clusters of this size may be crystalline. In addition, 

electron diffraction studies on unsupported clusters show evidence of crystallinity at sizes down to 

just 100 atoms.49 

45 N. V. Smith, Phys. Rev. B J, 1862 (1971). 
46 P. A Montano, G. K. Shenoy, E. E. Alp, W. Schulze, and J. Urban, Phys. Rev. Lett. 19, 2076 (1986). 
47 M. Mitome, Y. Tanishiro, K. Takayanagi, Z Phys. D lZ, 45 (1989). 
48 R. E. Benfield, J. A Creighton, D. G. Eadon, G. Schmid, Z Phys. D lZ, 53 (1989). 
49 B. D. Hall, M. Flueli, R. Monat, J.-P. Borel, Z Phys. D lZ, 97 (1989). 
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Relevant studies on supported copper and silver clusters have been done.32-~6 In contrast to 

the current data, these studies arc done on a carbon substrate and show the d-band onset decreasing 

from higher binding energies as the average cluster size (coverage) is increased. The discrepancy has 

its roots in the inability of the carbon substrate to neutralize the ionized supported cluster in a time 

scale relative to photoemission (1Q-16 scconds).so Thus the outgoing electron from the supported 

clusters should have their binding energy increased by an extra c2/R which is the coulombic attraction 

between the charged cluster and the electron. By adding this potential to the classical electrostatic 

potential, the coefficient of the c2/R term changes from -5/8 to +3/8. Because the sign of the 

coefficient is different, the 3d electrons in the supported (free) clusters should have a higher (lower) 

binding energy than those of the 3d-band of the solid. This developing 3d-band should decrease 

(increase) monotonically to that of the bulk. This indeed is the situation. 

These supported cluster experiments do shed some light on the effect that contamination has 

on EDO;. Halides are allowed to react with the copper atoms and the subsequent EDO; developed a 

sharp feature owing to the p electrons of the chemisorbed atoms at roughly the same place as the 3d 

onset peak discussed above. Contamination in the free clusters of this study are thought to be below 

10%, which is the level observable at Cus0·, the last resolvable cluster in the TOFMS. 

B. Aluminum 

Figures 20 and 21 show photoelectron data from aluminum clusters taken with a 

photodetachment laser of 6.42 eV in 1988. 

At that time there was some question as to whether the growing signal at 5 e V binding energy 

was due to a merging of the s- and p-bands of the atom. The discovery from work with copper clusters 

that slow moving electrons detached from large molecules suffer inelastic collisions implied that small 

effects close to threshold are not totally reliable (see Figure 19). Therefore, a better search for sp

band merging is to look at larger dusters with higher photon frequencies. The new photoelectron 

spectra for negative, aluminum clusters (see Figures 22 and 23) do not show the continued increase in 

photoelectron signal at 5 eV of binding energy that would be evidence of a a merging sp-band. This 

data obviates the conclusion that sp hybridizatior. occurs early (like at the dimer) and continues to be 

strong through at least AI70 and probably all the way to the bulk sp-band. 

50 G. K. Wertheim, S. B. DiCenzo, and S. E. Youngquist, Phys. Rev. Lett. 51,2310 (1983). 
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The valence electrons of the aluminum atom arc 3s23p which is not the most ideal system to 

chose for studying sp-band merging. A system with just s2 would be better since the extra electron 

that forms the negative ion would be the first p electron in the system. However, s2 materials which 

exist in agreeable forms for usc as targets in a laser vaporization source, have such low binding 

energies for the dimers that the clustering process has a very difficult time getting started. 51 The new 

neon nozzle solves the problem of making the clusters, but in the case of Zn and Mg, the clusters are 

so reactive that they cannot be resolved in the TOFMS nor can they be mass selected. 

51 Constants of diatomic molecules, K P. Huber and G. Herzberg (New York: Van Nostrand, 1979). 
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Electronic shell theory is enjoying great success in predicting physical properties of clusters 

like abundance patterns in mass spectra and photoionization thresholds,52,53,54 plasma 

resonanccs,55,56,57 HOMO-LUMO gaps,37 and electron affinities.6,29,37 Shell theory's newest 

successes arc in inorganic chcmistry58 and theoretical studies now use shell theory as a starting point 

for more accurate calculations which consider more explicitly the geometrical arrangement of the 

atoms.58,59,60 

Shell theory for clusters in the analog of the free-electron-like theory for solids. The success 

of both theories is rooted in (1) the Pauli principle which forbids valence electrons from entering the 

ion core region and (2) the good screening capabilities of the conduction clectrons.1 

The ion core and valence electronic wave functions are orthogonal to each other and hence 

the valence electrons are not welcome in the vicinity of the ion core electrons. This effect results in a 

weak pscudopotential. 

Conduction electrons are highly mobile and can screen irregularities in the ion struturc so 

well that the potential that any one electron feels is fairly uniform and lacks the specific site 

information of the ion cores. This is another reason why uniform fields like those from the square 

and the harmonic oscillator potentials work so well for shell theory. This screening capability is 

manifested quite remarkably in the alkali metals where clusters under 6 atoms are planar, yet 

continue to show spherical shell behavior.61 In summary, it is the kinetic energy of the independent 

electrons which determine the shell closings, not the underlying ion core geometry. 

In one expression of shell theory a positive, homogeneous, spherical core is assumed to setup 

a potential for a one-electron system. The appropriate Hamiltonian is solved as a function of rs (the 

52 M. M. Kappes, M. Schar, P. Radi, and E. Schumacher, J. Chern. Phys. 84, 1863 (1986). 
53 see the review article W. A de Heer, W. D. Knight, M. Y. Chou, and M. L. Cohen, Solid State Physics 40, 93 
&1987). 
4 W. A Saunders, Ph.D. Thesis, University of california, Berkeley (1986). 

55 J. M. Pacheco and R. A Broglia, Phys. Rev. Lett.6Z,1400 (1989). 
56 K. Selby, M. Vollmer, J. Masui, V. Kresin, W. A de Heer, and W. D. Knight, Phys. Rev. B 40,5417 (1989). 
57 V. Kresin, Phys. Rev. B 39, (1989); V. Kresin, Phys. Rev. B 38,3741 (1988); V. Kresin, Phys. Lett. A 133,89 
&1988). 
8 D. J. Wales, D. M.P. Mingos, T. Slee, and L. Zhenyang, Ace. Chern. Res. Z3, 17 (1990). 

59 M.P. Iniguez, M. J. Lopez, J. A Alonso, and J. M. Soler, Z. Phys. D 11, 163 (1989). 
60T. H. Upton, J. Chern. Phys. 86,7054 (1987); T. H. Upton, Phys. Rev. Lett. 56,2168 (1986). 
61 M. Manninen, Phys. Rev. B 34,6886 (1986). 
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Wigner-Seitz radius) in the density functional formalism and specifically applied to Li, Na, K, AI, and 

Mg.53,62 

While impressive in its prediction of the major shell closings the density functional solution 

has not yet been extended to include the possibility of a non-spherical charge distributions which arc 

necessary to explain the details of shell systems like even-odd oscillations. Deformations of spherical 

clusters can be introduced through a less computationally intensive, harmonic oscillator model of 

electronic shell structure. The harmonic oscillator is distorted slightly to flatten the bottom of the 

well which breaks the accidental degeneracies. 

The reason that a deformed harmonic oscillator Hamiltonian can be made to produce the 

same eigenvalues as a density functional calculation is better understood by looking at the self

consistent, effective core potentials of the density functional approach. These potentials when 

plotted as functions of radius look very much like perturbed parabolic or square wclls.53,63,64 The 

solution to the square well and harmonic oscillator potential problems are staples of all textbooks in 

quantum mechanics.65 

A very useful single-particle Hamiltonian which can be continuously changed from a perfect 

3-dimcnsional harmonic oscillator to a very square-like potential is the Nilsson-Clemenger 

Hamiltonian which is written below with Pk and qk: being the conjugate variables and nk being the 

harmonic oscillator frequencies for each spatial dimension x, y, and z.53,66 

Hn = ~L:k=x,y,z (Pk2/2m + mnk:2qk2) + U0 (h/27r)(fl0 )(12-<12>n) (10) 

The· first term is the kinetic energy, the second term is the 3d harmonic oscillator potential, 

and the third term flattens the potential well and makes it more square-like. 

62 M. Y. Chou and M. L. Cohen, Phys. Letters A 113, 420 (1986). 
63 W. Ek:ardt, Phys. Rev. B 29, 1558 (1984). 
64 Y. Ishii and S. Sugano, in Microc/usters, ed. S. Sugano, Y. Nishina, and S. Ohnishi (Berlin: Springer-Verlag, 
1987) p. 17. 
65 Quanhun Mechanics, C. Cohen-Tannoudji, B. Diu, and F. Laloe (Wiley: New York:, 1977). 
66 K. Clemenger, Phys. Rev B 32, 1359 (1985); S. G. Nilsson and K. D. Vidensk:, Selsk:. Mat. Fys. Medd. 29, 1 
(1955). 



3d Ellipsoidal Shell Model 
(without dfstortlons) 

Uo = 0.00 -0.02 -0.04 -0.06 -0.08 -.10 

........................ --------- --Q:;--------------- 92, 1h 
97 v 90 90 

70·_,., v 7f 
80 An 

68 An 

70 
68,2d SA 58_ SA 58: 1g 58 
dO•?n 40 40 52 52 

40 34 
34:1f '4 _,4 'ld 

70 70 70 
70·7<: 20 

20 18: 1d 18 18 18 18 

A A•ln A A A A 

2 2: 1s 2 2 2 2 

Figure 46. Energy level diagram for Nilsson-Clemengcr Hamiltonian as a function of U0. 

66 



0 20 

3d Harmonic Oscillator 

4, = -.06 

40 

80 

without deformations 
with deformations 

60 80 

Number of electrons 

100 

Figure 47. Complete ellipsoidal minimization ofNilsson-Clemenger Hamiltonian for u0 = -0.06. 

67 

Figures 46 and 47 show the effects of the various terms on the eigenvalues of the 

Hamiltonian. 

The total number of electrons needed to fill through each eigenstate are tabulated and are 

displayed in Figure 46 for flx=ny=nz=n0 and variable U0 .67 U0 = 0.0 is the 3d spherical harmonic 

oscillator with eigenvalues at (2m+ 1)(h/27r)n0 with m = 1, 2, 3, .... In the completely spherical case 

u0 = 0.0 and the shell closings occur at total electron counts of N = 2, 8, 20, 40, 70, and 112. These 

shell closings are in perfect agreement with the spherical density functional calculation mentioned 

previously.53,68 

Of singular importance in Figure 46 are the level crossings that will change the ordering of 

the shell closings. For example, when U0 = -0.04, the 1h eigenstate, with a 2(2•5 + 1) = 22 electron 

67 Some absolute determinations of 00 have been made, but for the purposes of the current work, only relative 
spacings will be considered, which is not so far afield since the harmonic oscillator potential is an infinitely deep well 
with an infinite number of equally spaced eigenvalues. 
68 M. Y. Chou, private communication. 
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degeneracy, becomes almost degenerate with the 3s eigenstate, therefore, the shell closing at N = 70 

disappears. Indeed in the abundance peaks of neutral sodium clusters there is no shell closing at N = 

70.66 Another important level crossing occurs at U0 = -0.08 where the falling lg and the rising 2p 

levels meet. This crossing will remove the shell closing at N = 40. For the original photoelectron 

work on copper clusters that this group published37 the values chosen for U0 were -0.065 for N<20 

and -0.04 for N>20, which values were the same as those used in the photoionization data of sodium 

clusters reported by Winston Saunders. 54 These values for U0 were determined by fitting the sodium 

data to the Nilsson-Clemenger Hamiltonian.69 

The effect of unequal frequencies flx, ny, and Oz arc shown in Figure 47 for U0 = -0.06. 

Changing the frequencies is equivalent to deforming the spherical cluster and is therefore a 

convenient way to look at the non-spherical behavior of these jellium electronic ellipsoids.spheres.66 

Since volume is conserved, not all three frequencies can be arbitrarily chosen (that minimization 

would cause all the frequencies to be zero), but rather are constrained by the relation 

flxny0z = 0 0
3 = constant. 70 (11) 

The set of {nk} that minimizes the expectation value of the Nilsson-Clemenger Hamiltonian 

is found for each N. Even-odd alternation now appears although the shell closings are usually not as 

dramatic as when no ellipsoidal distortion is present. 

The contact between shell theory and negative ion photoelectron spectroscopy has usually 

been the electron affinity although HOMO-LUMO gaps have been noted.37 The highest occupied 

orbital of the minimized Nilsson-Clemenger Hamiltonian is used as the predictor of the electron 

affinity while the two highest occupied orbitals predict the HOMO-LUMO gaps. Since the 

Hamiltonian makes no correction for the expanding sphere of charge the highest occupied orbital is 

scaled by N-1/3 where N is the total electron number of the negatively charged cluster. The Nilsson

Clemengcr eigenvalues arc referenced to the bottom of the potential well not the vacuum level. In 

order to make a more visibly appealing comparison between experiment and model, a constant scale 

factor is usually multiplied to the Nilsson-Clemenger eigenvalues. 

69 Although previous work from that group had actually fitted U0 to yield the correct relative level splittings that 
were tabulated from the density functional calculations. 
10 This constraint is the equation for an ellipsoid and for this reason the Nilsson-Clemenger Hamiltonian is often 
called the Ellipsoidal Shell Model. 
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A. Gold 

Ultraviolet photoelectron spectra of gold clusters taken with 7.9 eV photons are shown in 

Figures 38 and 39. 

The resolution of the TOFMS, the monoisotopic nature of gold, and the low reactivity of 

gold make individual clusters resolvable up to Au80-. The extrapolation to higher masses is done with 

a third order least squares estimation of the resolvable masses. At Au223- the mass uncertainty is +/-

2 atoms. The finer details in the spectra for clusters less than 52 atoms is due to a smoothing window 

of only 0.05 eV rather than 0.10 eV. For the discussions of the shell model it makes no difference. 

Electron affinities have been marked with dots in the same manner as described previously , 

that is, 25% of the lowest binding energy peak was chosen as the signal onset and a constant was 

added to all these onset to bring the dot to lie directly above the single photoelectron feature in 

Auzo·· A plot of these dots with respect to cluster sizes show three very prominent shell closings: 

Auzo. Au34• and Au 58 (see Figure 48). 

These three clusters lose 1.2, 0.65, and 0.75 cV, respectively, when compared to their adjacent 

lower mass neighbors. Such large shifts in electron affinity of clusters has only been seen in carbon 

clusters where from~ to c10 the electron affinity drops by 1 eV.1l In carbon there is a large body of 

data that indicates a geometrical phase transition from linear chains to monocyclic rings with 

increasing cluster size occurs at this point, and hence a large change in the electron affinity can be 

expected. But this large drop in the electron affinity for a cluster of 58 atoms is not seen in any other 

clement to date. 

In the Nilsson-Ciemenger shell model with no deformations allowed and U0 = -0.06, shell 

closings at 2, 8, 18, 20, 34, 58, and 80 arc predicted (see Figure 46). When total energy minimum a.c 

searched for by including distortions from spherical symmetry, the only clusters from size 20 to 78 

atoms for which all three harmonic oscillator frequencies are equal (Ox=ny=nz) arc 20, 34, and 58. 

The equivalent frequencies signify that the minimum potential energy configuration of the clusters is 

spherical. Of note because of its absence on these two lists is the 40 electron cluster long considered a 

staple of shell theory. 

The dotted lines in Figure 48 are shell predictions of the Nilsson-Ciemcnger Hamiltonian for 

U0 = -0.06 that have been minimized for distortions in two degrees of freedom. The data for clusters 

71 S. H. Yang, K. J. Taylor, M. J. Craycraft, J. Concei~o, C. L. Pettiette, 0. Cheshnovsky, and R. E. Smalley, 
Chern. Phys. Lett. 14,431 (1988). 
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under size 21 have been analyzed previously for their shell character6 and have been included in the 

figure. The correlation is remarkable and note that the no special behavior is predicted for Au40· 

The sharp onset of the 3d electrons seen in copper is not seen for the Sd electrons of gold. 

The reason for this is probably due to the higher work function of gold. The extra 0.5 eV of work 

function is enough to put the gold Sd electrons far enough into the inelastic region of the EDC that 

reliable data is more difficult to obtain (see Figure 19). 
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Figure 48. Electron affinities of gold clusters. Error in the energy is +/- 0.10 e V. The Nilsson
Clemenger eigenvalues are normalized to this data and plotted as a dotted line. 

B. Silver 

The Nilsson-Clemenger Hamiltonian predicts excellent shell behavior for the electron 

affinities of silver clusters up to 21 atoms.6,72 The data shown in Figures 34-36 covers the larger 

range of clusters, Ag21 to Agss· 

72 G. Gantefllr, M. Gausa, K-H. Meiwes-Broer, and H. 0. Lulz, Faraday Discuss. Chern. Soc. 86, 197 (1988). 
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For completeness, the earlier work on small silver clusters done at 6.42 cV is also shown as 

Figure 33. The photoelectron signal to noise ratio is less in this silver data than in the gold data of 

the previous section which is why the data looks hairy in comparison. For this reason, a smoothing 

window of 0.20 e V has been used to remove much of the statistical noise. The spectra arc displayed in 

binding energy from 0 - 6.0 e V because the d electron signal is so large from about 6.0 c V and higher 

that the spectra cannot be displayed nicely together. 

The assignment of the clci:tron affinities is much more troublesome than in gold, copper, or 

aluminum. The rule used for all the other electron affinities in this work (25% of the lowest energy 

peak+ constant) is now difficult to apply because so many of the photoelectron spectra have signal 

that dribbles to very low binding energies and is below the 25% cutoff limit. 

Clearly, clusters which are in excited vibrational states of the negative species would give 

photoelectron binding energies less than the adiabatic electron affinity, which is defined as the ground 

state to ground state energy difference between the negative and the neutral versions of the cluster. 

However, if the parent ion were so vibrationally hot, then another question would have to be 

answered, Why arc not such features observed in the spectra of copper and gold which were made in 

the same manner? Further understanding on this point will have to come from another source, 

perhaps photodctachment spectroscopy which will be discussed in Chapter VJ.73 

73 Contamination of the parent negative cluster with oxides, nitrides, carbides, etc. can be considered as a potential 
source of the soft shoulder, yet it is not clear which direction the binding energy would be shifted. That this 
photoelectron data on large clusters is not done on electric-field selected clusters, which would require some mixing 
of the time-of-llight spectrum as fields turn on and off to select the appropriate mass, casts doubt on any theory 
which would rely on contamination to explain the soft shoulders. Rather, the time-of-flight spectrum is recorded by 
looking at the ejected photoelectrons and then intersecting the detachment laser beam with the cluster beam at a 
time that would correspond to pure silver clusters and not -ides attached to silver clusters. 
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Figure 49. Electron affinities of silver clusters. Two values are recorded for those clusters with hard 
to distinguish EAs. Error in the energy is +/-0.10 eV. The Nilsson-Clemenger 
eigenvalues are normalized to this data and plotted as a dotted line. 

The shell model as currently applied cannot predict the electron affinity plot for silver 

clusters above Ag34, however this could be due to the soft shoulders. The electron affinities of silver 

clusters show peaked behavior at sizes 30, 48, (53) 55 (56), none of which are shell closings. If the 

limitation that U0 be kept constant for a species would be relaxed then some of the behavior may be 

modeled with the Nilsson-Clemenger Hamiltonian. Relaxing this criterion has not been important to 

other species 74 and it discredits the simple model by adding a whole set of adjustable parameters. 

If this were all the story, one would conclude that a system has been discovered that did not 

show shell behavior, however, the electron affinity is just one point on a complex spectra and other 

features of the EDCs do exhibit shell behavior. 

The most intriguing detail of these silver cluster spectra is the rise of sharp structure in the 

photoelectron signal, although in this case, the structure is in the s-band (not the d-band like copper). 

74 Gold and aluminum usc 1 value of u0 while copper uses 2 values. 
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At Ag30- a single strong peak appears and more or less remains in different broad forms until Ag38-

whcrc two, broad, 500 mcV, FWHM peaks arc present. At Ag50- there arc three, nearly evenly, 

spaced peaks and they sharpen considerably up to Ag55- where they are 200 mcV, FWHM. At Ag59-

a fourth peak appears and if it behaves as the others will strengthen considerably as the cluster size 

grows. 

In the limit of Koopman's theorem, the peaks and their spacing in the EDC arc at equivalent 

positions to the molecular orbitals that they came from. 75 Thus the mi11ibands in the silver spectra 

are coming from nearly-degenerate orbitals. For example, Ag55 has bands at 3.1, 3.7, and 4.2 eV 

binding energy and A~o shows bands at 2.8, 3.4, 3.9, and 4.3. All of the clusters with resolvable 

minibands show a smaller contraction of the miniband-gap of about 20% between the higher binding 

energy set and the lower set. That the minibands arc nearly evenly spaced indicates a harmonic 

oscillator potential which happens to be what the Nilsson-Clemenger Hamiltonian is when u0 = 
0.00. 

75 Principles of ultraviolet photoelectron spectroscopy, J. W. Rabalais (New York: Wiley, 1977). 
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Figure 50 is composed by taking a gaussian of 0.05 (h/271") n0 at each orbital in the 

Nilsson-Ciemenger Hamiltonian with U0 = -0.06 in its full ellipsoidal solution. The abscissa is in 

units of ( h/ 2 7r) n0 and is relative to the bottom of the harmonic potential well. In Clemenger's 

work on sodium mass spectra, 66 and Saunder's work on sodium photoionization spectra54 where 

they had available a comparison to the density functional results, they chose (h/271") n0 = 0.91 eV 

to give the correct le,·eJ sp~Adng between clusters. In Figure 50 the spacing between the highest three 

peaks is 0.8 (h/271") flo- No contraction is noted, but three peaks are definitely present. If an 

increasing photodetachment cross section is assumed for the higher energy electrons, then Figure 50 

is a respectable match to the minibands of Ag55-. 

In order not to give an unreal impression that the Nilsson-Ciemenger Hamiltonian predicts 

all of these spectra the set corresponding to Ag29- to A&>2- are displayed in Figures 51 and (?).76 

76 Comparison must be made for the same number of electrons, eg. AS4o- compare to Nilsson-Ciemcngcr N =41. 



75 

Three peaks arc prominent in the 50s and a fourth begins to appear at 59 and strengthen through the 

60s. At times the peaks blur and it is not easy to distinguish the levels bunching together, yet, as a 

generally speaking there is simple order in the spectra. 

One obvious question is, Where arc the peaks in the silver spectra which correspond to the 

Nilsson-Clcmcngcr DOS peaks at 1.5 and 2.5 (h/211') flo? These peaks correspond to 2 and 6 

electrons only, and even with the increasing photodetachmcnt cross section mentioned above, they 

seemingly do not have enough intensity when compared to the d-band signal and in a sense arc 

swallowed by it (sec Figure 18). 

In summary, due to a soft shoulder, the electron affinities are not modeled well by the 

Nilsson-Clcmcngcr eigenvalues, yet level structure is seen in the larger silver clusters which indicates 

that the s electrons arc in a harmonic oscillator-like potential. The basic features of the 

photoelectron spectra are seen to arise from peaks in the Nilsson-Clcmcnger density-of-states. 
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C. Copper 

Copper is a system like silver. The s-electrons (that is the electron affinities) show general 

shell structure for cluster sizes N < 42 atoms as predicted by the Nilsson-Clemenger Hamiltonian 

with U0 = -0.065 for N < 20 and U0 = -0.04 for N>20 (see Figure 52).37 

Figure 52. 
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Electron affinities of copper clusters for sizes under 42 atoms. The Nilsson-Clemenger 
eigenvalues are shown as a dashed line.37 

But again, the electron affinities taken from the photoelectron spectrum of the larger copper 

clusters show no shell structure above Cu4i, rather the electron affinities begin a monotonic 

progression toward the bulk work function (see Figure 42). 

Despite the absence of shell structure in the electron affinities of the larger clusters, like 

silver, there are series of evenly spaced minibands in the s-band of different clusters (see Figures 28, 

30, and 32). The peaks are especially noticeable in the Cu5o-6l range. This s electronic structure is 

not nearly as pronounced as in silver due in part to lower signal to noise, but possibly due to other 
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effects as well. Cuss· has peaks at binding energies of 3.3, 3.8, and 4.1 eV, which calculates to about a 

40% contraction between the first gap and the last gap. This contraction of the minibands is larger 

than seen in silver. 

In both the copper and silver systems the three-peaked spectra appear clearest in the 50-60 

range and it arguably is the best resolved at Agss· and Cus4 -. Neither of these is a shell closing in the 

Nilsson-Ciemenger model or the spherical density functional model of Chou and Cohen.62 Another 

possibility that may be nothing more than coincidence is the closing of the third geometrical shell of 

the Mackay icosahedra or cubooctahedra.77 The first shell is an atom at the center, the second is the 

12 nearest neighbors forming a close-packed structure of 13. The third closes at 55 and the fourth and 

fifth shells fill at total counts of 147 and 309. These larger clusters are in reach of the neon nozzle 

although they cannot currently be mass resolved in the TOFMS. Further research to verify such a 

prediction may be fruitful. 

D. Aluminum 

The shell model for electronic structure can also be extended to include trivalent aluminum, 

provided that U0 = -0.02 is used in the Nilsson-Clemenger Hamiltonian. Peaks in the electron 

affinities at cluster sizes of 6, 13, 19, and 23, along with some of the oscillations at other sizes are 

predicted. 

77 M. B. Gordon, F. Cyrot-Lackmann, and M. C. Desjonqu~res, Surface Science 68, 3S9 (1977). 
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Figure 53 plots the difference spectrum of electron affinities (EA), EA(X + 1) - EA(X), in 

order to emphasize the shell closings (see Figures 20 and 21). The Nilsson-Clemenger eigenvalues 

with Uo = -0.02 are also showll in the figure as a dashed line. A negative going peak is indicative of a 

closed shell. Numbers below the closed shell arc the total electron count of the closed shell. 

The value of U0 = -0.02 is low when compared to the noble metals and the alkali metals, yet 

comparison of the self-consistent, ion core effective potentials shows that aluminum possesses that 

potential which most resembles a harmonic oscillator.62 The undistorted Nilsson-Clemenger 

Hamilton with U0 = 0.0 is the exact 3d harmonic oscillator potential and has closed shells at total 

electron counts of N = 20, 40, and 70. Therefore, in order to preserve the peak at 70, it is expected 

that Uo should be close to zero: indeed the shell closing at 70 vanishes for Uo < -0.03 (see Figure 

46). 
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The shell model cannot be expected to work extremely well with trivalent aluminum clusters 

because the ion core with its three charges is less capable of being screened to look like a jellium 

sphere. Nevertheless, since it is clear that some shell behavior exists for clusters in the range 3-32, 

and since three valence electrons add with each atom, the aluminum system seems a likely candidate 

to test the shell theory for large numbers. For example, AI 58- has 175 electrons. 

In spite of the promising nature of the experiment, the electron affinities taken from the 

photoelectron spectrum of the larger aluminum clusters show no shell structure above AI23 (see 

Figures 22 and 23). In fact, the electron affinities for the larger clusters show no variation with cluster 

size at all. It appears that what little shell structure there is exists only in the smaller aluminum 

clusters and disappears in the larger ones. 

At first thought, shell structure is expected to be more pronounced in larger clusters because 

the larger core would make geometrical effects less perturbative, however, the larger clusters also 

look more and more like a surface to an outgoing electron and all quantum effects associated with 

finite cluster size must begin to be washed out and the electron affinities must then merge to the work 

function. This subject was discussed in Chapter IV. The absence of quantum effects indicates again 

that the bulk electronic structure is already well established for the threshold energy levels probed in 

this experiment. 
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The excellent collection efficiencies of the MTOF make it an excellent instrument for 

photodetachment spectroscopy of negative cluster ions. The recent addition of a dye laser to the 

experiment described in Chapter II has made this possible. The dye laser brings 0.2 cm·l resolution 78 

to an experiment that as a photoelectron spectrometer measures its resolution in tens of milli

electron-volts. 

This spectroscopy has been done in ion traps as a function of laser wavelength and a 

wavelength dependent cross section for detachment is typically calculated.79 The major limitation to 

ion-trap, photodetachment spectroscopy is the inability to measure the kinetic energy of the 

photoelectron. In an ion trap, the depletion of the charged, parent cluster is monitored which means 

that fragmentation and charge transfer are competing reactions that must be considered. In addition, 

ions in traps must be excited by voltage pulses that are applied to the sides of the container, and it is 

well know that these excitations are very oscillatory and non-linear which complicates the analysis 

considerably.80 The main enhancement that ion trap spectroscopy gives is the ability to hold and cool 

the clusters to low vibrational and rotational temperatures. 

The photoelectron spectra of small gold clusters are shown in Figure 37 which are recorded 

with 7.9 eV photons. From this series of spectra, notice that the Au6- has a low electron affinity (2.0 

eV) which can be probed by the Rhodamine 6G dye (2.01- 2.18 eV) of the new laser. 

78 Resolution may be increased to 0.05 cm=-1 by adding an etalon and pressure tuning the selector cavity. 
79 D. M. Wetzel and J. I. Brauman, Chern. Rev. 87, 607 (1987). 
80 The new SWIFf technique developed in this laboratory will make this problem obsolete as it gains a broader 
acceptance among ion trap experiments. 
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Figure 54. EDC of Au6- taken with a photon energyof2.05 eV. 
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A photoelectron spectrum of Au6- recorded with a photon energy of 2.05 cV is shown in 

Figure 54. The abscissa in Figure 54 now is electron kinetic energy, not binding energy as in previous 

figures. This change in the energy axis is necessary because there are also electrons that are 

photodctachcd by the absorption of two photons which would show up as negative binding energy. 

The photoelectron peak at 2 c V of kinetic energy comes from just such a 2-photon event. The large 

electron signal rising at 0.30 cV arc the threshold electrons that should be detected at zero kinetic 

energy, but arc given an acceleration in the MTOF by a small amount.81 

Figure 55 is a photodetachment spectrum of Au6- taken with the MTOF spectrometer. The 

ordinate records the photoelectron signal at a certain energy and the abscissa monitors the dye laser 

frequency. Plotted in Figure 55 are two curves taken at a step size of .7 meV (6 cm-1): the solid line is 

81 This energy is due to stray fields and the spectrometer's inability to completely neutralize the negative cluster ion 
packet which in turn accelerates the photoelectron. 
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the 1-photon event, the dotted line is the 2-photon event. The dye laser flux varies by no more than 

20% during this scan. 

The 1-photon detachment spectrum shows three resonances evenly spaced at 110 +/- 6 cm-1. 

The 2-photon detachment spectrum shows the same three resonances separated by 110 cm-1, but 30 

cm-1 red-shifted. A fourth resonance in the 2-photon signal occurs at 2.042 eV and is not 

accompanied by a 1-photon resonance. Because the energy separation is the same, it is safe to 

conclude that the resonances are a vibrational progression of a totally symmetric mode of the (3•6-6 

=) 12 normal modes of the cluster. 

The curves of Figure 55 obscure the relative intensity of the events and one should look at 

Figure 54 to appreciate that the 1-photon signal is 100x more intense than the signal arising from the 

2-photon detachment process. 

One possible explanation of these curious results assumes that a bound state of Au6- exists at 

the detachment continuum. This bound and excited state at the detachment continuum has three 

options for releasing an electron (see Figure 56):82 

Au6-* + hv Au6 + e- 2-photon detach (12) ===> 
Au6-• Au6 + e- autodetach (13) ===> 
Au6-* Au6-• ICnVR (14) ===> 

where * represents an excited electronic state and' represents a vibrational state. 

If internal conversion occurs from Au6-* to a localized vibrational state of Au6-, this vibronic 

transition then would certainly undergo intramolecular vibrational randomization (IVR).83 IVR is 

the process whereby localized vibrational energy is distributed through all the vibrational modes of a 

molecule. These states can then evolve in time and either receive another photon and ionize, or they 

can detach which would be evident by very low-energy electron emission. Indeed, the spectral 

features seen in Figure 55, are sharper (more baseline resolved) in the electrons nearest threshold. 

The second absorption of a photon after IVR is not seen experimentally, which would give a uniform 

photoelectron signal between the 1- and 2-photon extremes, but the low-energy electrons arc 

obscrvcd.84 

Of the processes listed above, 2-photon excitation is easily discernible in the MTOF because 

of the kinetic electron energy and, surprisingly, is 30 cm-1 red-shifted from the 1-photon event (sec 

82 The Au6 cluster is made in a free jet so collisional relaxations are not considered. 
83 R. E. Smalley, J. Phys. Chern. 86,3504, (1982). 
84 Such a blur is seen in~- and suggests that the electronic-vibrational coupling between excited and ground 
electronic states is quite strong in that cluster. 
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Figure 55). If processes autodetachment and IC/IVR have small cross sections, then the cluster could 

remain in an excited state long enough to receive another photon from the detachment laser ( ot = 20 

nsec) which would photoeject an electron. The lifetime of this state may not need to be more than 50 

femtoseconds which is the lifetime seen for the first hydrogenic image state of the Ag(100) surface.85 

Owing to the reduced symmetry of a cluster when compared to a surface and the reduced number of 

final states available, it seems likely that the excited cluster state (Au6-) • would be even longer lived. 

One explanation for the shift between the 1- and 2-photon peaks can be found by assuming 

an increasing cross section for non 2-photon events. As the cross section increases, the lifetime of the 

excited state would decrease and become too short to 2-photon detach. The autodctachmcnt cross 

section can be higher for states of higher vibrational energy: an electron in a molecule that is flopping 

and bucking has an increased probability of being ejected by that motion. Whether or not the cross 

section for internal conversion is increased for higher vibrational states depends on specific 

vibrational-electronic couplings that arc not completely understood.86,87 

If the vibrational energy spacing where slightly higher in the excited state than in the ground 

state, then for a fixed change in vibrational quantum number, v, higher energy photons would be 

needed to resonantly enhance states of higher absolute v'. For example, slightly more resonance 

photon energy would be required for each subsequent transition in the sequence that changes v by +2 

(0-2', 1-3', 2-4', 3-5', 4-6', etc.). If the non 2-photon cross sections grew as a function of the prime(') 

state vibrational quantum number, then at some point the coupling to the detachment continuum 

would be so good that the lifetime of (Au6-) • would be too small to 2-photon detach. In Figure 56 a 

sequence on the v'-v = +2 transition is drawn. Sequences would of course be present for all 

transitions v' -v = 0, + 1, +2, etc. 

Based on the foregoing discussion, the 2-photon resonance is a transition which leaves (Au6-

) • in the ground or close to ground vibrational state. As the resonance photon is blue-shifted, higher 

vibrational states of the 110 cm-1 vibrational mode are excited, and they have a much higher cross 

section for autodetachment and internal conversion, which reduces the lifetime of the state below an 

acceptable limit to continue the 2-photon detachment process. The absence of a 1-photon transition 

at 2.052 eV can be explained in the current model by the placement of the edge of the detachment 

continuum between the ground and 15tvibrational state of (Au6·)• (sec Figure 56). 

85 R. W. Schoenlein, J. G. Fujimoto, G. L. Ecsley, and T. W. Capehart, Phys. Rev. Lett. 61, 25% (1988). 
86 Symmetry and Spectroscopy, D. C. Harris, and M. C. Bertolucci (New York: Oxford, 1978) 
87.LSimons, J. Amer. Chern. Soe.lOJ, 3971 (1981). 
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Figure 56. Possible energy diagram which explains certain features of the Au6- = = > Au6° + e· 
photodetachment spectrum (see Figure 55). 
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This model is a start but not completely absence of problems. The concept of sequencing or 

sequence congestion requires a hot cluster in the ground electronic state. If that is so, then there 

should be hot bands, which are absent. As already mentioned, significant IVR would also give 

photoelectron signal at all electron kinetic energies between the 1- and 2-photon extreme. In 

summary, the current theory requires: 

( 1) a bound state close to detachment threshold, 

(2) a slightly greater vibrational spacing for the activated vibrational mode than the same 

mode in the ground state, and 

(3) a vibrationally hot cluster. 

Photodetachment work in other groups has shown that a permanent dipole moment can 

cause a weakly bound state in the negative ion88, yet in the case of Au6- with any reasonably close-

88 R. D. Mend, K R. Lykke, W. C. Lineberger, J. Marks, and J. I. Brauman, J. Chern. Phys. 81,4883 (1984). 
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packed geometry, no permanent dipole could be set up. Other scattering experiments of electrons 

with non-polar and non-quadrupolar molecules89,90 have shown threshold resonances which results 

have been modeled adequately with non-adiabatic Hamiltonians.91 A weaker potential than that 

from a permanent dipole would be the induced dipole potential on the molecule caused by the 

ejected photoelectron.43 A state if it were due to the image potential would necessarily be at 

threshold by its very nature of nearly being free, which would resolve the problem of why 

coincidentally a bound state would be found close to threshold.92 

Different spacings for the same vibrational mode of Au6- and (Au6-) • is not unreasonable in 

a small molecule although why this spacing is larger not smaller will require more justification. 

A consequence of sequence congestion which can result only from a hot cluster is that the 

bandwidth of the resonance is not intrinsic to an autodetachment state, but is rather a measure of the 

cluster's temperature and could be changed by nozzle conditions. Experiments to change the 

temperature of the clusters, such as, changing the buffer gas, or the time of creation will have to be 

conducted to see if the !-photon bands change. 

In a more long-range view, time-resolved spectroscopy on Au6- would be ideal. A pump

probe configuration would yield dynamic information as well as answer questions about possible 

coherent 2-photon transitions. 

If this new probe of clusters, MTOF-photodetachment spectroscopy, can indeed understand 

temperature effects in clusters, then it will be the most useful diagnostic tool yet developed for 

designing nozzles to make cold clusters. In addition, the information gleaned by having an energy

analyzing photodetachment experiment is yet one more very useful parameter that will simplify the 

interpretation of photodetachment spectra by bringing more information to bear on the subject. 

89 K. Rohr, J. Phys. B 10, 1175 (1975). 
90 W. Sohn, K. Jung, and H. Ehrhardt, J. Phys. B 16,891 (1983). 
91 W. Domcke, L. S. Cederbaum, and F. Kaspar, J. Phys. B 12, L359 (1979). 
92 At press time, subsequent experiments on Au8- have shown similar resonant behavior which seems to indicate 
that the bound state at threshold is a generality, not a coincidence and is propably due to the image potential of the 
electron. 



CHAPTER VII 
SUMMARY AND FUTURE WORK 

A. Recapitulation 
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The magnetic-time-of-flight spectrometer in use over the last three years at Rice has been 

extended to include detachment photons of all visible and 7.9 eV photons. This complements the 

standard excimer line of 6.42 eV. A nozzle for use in the laser vaporization source can now make 

clusters of sizes approaching 60,000 amus and use a variety of different buffer gases (like helium, 

neon, and argon). The new wavelengths and larger clusters bring much new insight into the electronic 

structure of the nearly-free electron metals, aluminum, copper, silver, and gold. 

1./nelastic electrons 

New wavelength studies on copper clusters have shown that inelastic scattering processes do 

occur in large clusters as photoelectrons try to escape. 

2. SheU theory: gold 

Electron affinities from gold clusters show enormous shell effects at Au20, Au34, and Auss· 

These effects are explained nicely by the Nilsson-Clemenger formalism of electronic shell theory. 

3. SheU theory: silver and copper 

Silver and copper show electronic level structure as expected from a shell material. Once 

again, the Nilsson-Clemenger Hamiltonian can be used to explain the observations: the estimated 

density-of-states are remarkably similar to the observed structure from the energy distribution curves. 

4. Aluminum: no shell, no sp-band merging 

A null result has been returned for shell behavior in large aluminum clusters presumably 

because the trivalency of the ion core is too strong. The search for sp-band merging also shows that 

hybridization is occurring early in cluster size. 
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5. d-band development 

The development of the 3d-band in copper is monitored through Cu411 at which point it is 

0.6 eV below its bulk value. The rise to the bulk value is at the rate predicted by classical 

electrodynamics. A sharply rising feature in the d-band signal suggests an onset of crystallinity. 

6./mage-bound state 

Photodetachment experiments on Au5· suggest that an image-bound state exists a few milli

electron-volts below the detachment threshold. A model that requires a bound state, different 

vibrational spacings between the state and the ground state, and a hot cluster is proposed which may 

account for the observed 30 cm-1 phase shift between the 1- and 2-photon electrons. 

B. Possible experiments 

1. Time-resolved experiments 

Dynamic information from clusters above the dimer has never been done, but the new 

generation of femto-second two-color experiments (with uv flux approaching gigawatts) is a 

promising spectroscopy for multi-photon detachment/ionization experiments on clusters.93 There is 

really no question that a femto-second, pump-probe, spectroscopy will be done on metallic clusters 

within 5 years. 

2. Higlzer energy plzotodetaclzment laser 

The push to higher frequency photodetachment photons will continue. The third harmonic 

of the Nd:YAG is routinely tripled to 118 nm (10.2 eV) with efficiencies of over 10"6.94 At 10.2 eV 

the entire d-band of Cu could possibly be seen. Also, tripling the 193 nm line of the ArF excimer to 

64 nm (19.2 eV) may well be a possibility soon.95 Higher energy detachment lasers will necessitate 

redesign of the MTOF since the resolution falls off sharply with increasing kinetic energy of the 

photoelectrons. 

93 see for example J. H. Glownia, J. A Miscwich, and P. P. Sorokin, J. Chern. Phys. 92, 3335 (1990). 
94 see for example M.P. McCann, C. H. Chen, and M.G. Payne, Chern. Phys. Lett. 138,250 (1987). 
95 Lumonics LTD product information. 
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3. Improved energy resolulion of the MTOF 

Much of the uncertainty in the Au6• photodetachment spectrum could be removed if the 

MTOF had milli-electron-volt resolution. Various changes can improve the resolution. In the 

unsmoothed photoelectron spectra of Au6• peaks separated by 20 meV can be seen, but they compete 

heavily with statistical noise which can be removed by smoothing, but at a cost to the energy 

resolution. Perhaps a small increase in the energy resolution of the analyzer would bring this 

knowledge out which could be of immense utility. 

4. Spin resolved experiments 

Certain clusters have been reported to possess macroscopic magnetic moments and even 

behave like tiny bar magnets.% Watching the spin-spin correlation function develop with cluster size 

would be exciting. The emission of spin-polarized electrons from clusters should be sensitive to the 

environment that they came from especially if that environment is magnetized clusters. Much insight 

into the growth of ferromagnetism could be obtained if such an experiment succeeds. Photoelectron 

countrates are currently close to being sufficient to cope with the small efficiencies of electron-spin 

analyzers.97 

5. sp-band merging 

If materials with closed s-shells like Zn, Mg, Cd, and Be can be made into clean negative 

clusters than sp-band merging culd be observed. More work can be generated on this point to clean 

the current nozzle to a point where this experiment can be done. 

6. Plzase transitions 

This is a search for magic numbers in electron affinities, HOMO-LUMO gaps, and mass 

spectra. The large drop in electron affinity at Au58 was unexpected as were the sharp, minibands of 

%Walt A deHeer, private communication 
97 F. B. Dunning, L. G. Gray, J. M. Ratliff, F.-C. Tang, X. Zhang, and G. K. Walters, Rev. Sci. Instrum. 58, 1706 
(1987). 
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silver. Other such surprises may exist as large clusters become crystalline. Recent work has suggested 

that clusters may actually have melting points and be either solid or liquids. 

7. Middle-row transition metal studies 

A photoelectron study in the MTOF has shown almost perfect correlation between the 

electron affinities for cobalt clusters and their cation reactivity to H2 dissociative chemisorption.98 

Whether or not this rule is generalizable to all the unfilled d electron systems is worthy of answering 

since much literature has been generated over the years on the subject. 

98 J. Concei~o, Masters Thesis, Rice University, est. May 1991. 






